RE. Cardiac magnetic resonance imaging of myocardial contrast uptake and blood flow in patients affected with idiopathic or familial dilated cardiomyopathy. Am J Physiol Heart Circ Physiol 295: H1234 -H1242, 2008. First published July 25, 2008 doi:10.1152/ajpheart.00429.2008.-Idiopathic dilated cardiomyopathy (IDC) is characterized by left ventricular (LV) enlargement with systolic dysfunction, other causes excluded. When inherited, it represents familial dilated cardiomyopathy (FDC). We hypothesized that IDC or FDC would show with cardiac magnetic resonance (CMR) increased myocardial accumulation of gadolinium contrast at steady state and decreased baseline myocardial blood flow (MBF) due to structural alterations of the extracellular matrix compared with normal myocardium. CMR was performed in nine persons affected with IDC/FDC. Healthy controls came from the general population (n ϭ 6) or were unaffected family members of FDC patients (n ϭ 3) without signs or symptoms of IDC/FDC or any structural cardiac abnormalities. The myocardial partition coefficient for gadolinium contrast ( Gd) was determined by T1 measurements. LV shape and function and MBF were assessed by standard CMR methods. Gd was elevated in IDC/FDC patients vs. healthy controls ( Gd ϭ 0.56 Ϯ 0.15 vs. 0.41 Ϯ 0.06; P ϭ 0.002), and correlated with LV enlargement (r ϭ 0.61 for Gd vs. end-diastolic volume indexed by height; P Ͻ 0.01) and with ejection fraction (r ϭ Ϫ0.80; P Ͻ 0.001). The extracellular volume fraction was higher in IDC patients than in healthy controls (0.31 Ϯ 0.05 vs. 0.24 Ϯ 0.03; P ϭ 0.002). Resting MBF was lower in IDC patients (0.64 Ϯ 0.13 vs. 0.91 Ϯ 0.22; P ϭ 0.01) than unaffected controls and correlated with both the partition coefficient (r ϭ Ϫ0.57; P ϭ 0.012) and the extracellular volume fraction (r ϭ Ϫ0.56; P ϭ 0.019). The expansion of the extracellular space correlated with reduced MBF and ventricular dilation. Expansion of the extracellular matrix may be a key contributor to contractile dysfunction in IDC patients. idiopathic dilated cardiomyopathy; partition coefficient; myocardial blood flow IDIOPATHIC DILATED CARDIOMYOPATHY (IDC) is characterized by left ventricular enlargement (LVE) and impaired contractility of unknown cause. In many cases, the disease is inherited and termed familial dilated cardiomyopathy (FDC; Ref. 4) and accounts for approximately 20 to 50% of IDC cases (2), with an autosomal dominant mode of inheritance predominating (4). Screening, in particular in first degree relatives of FDC-positive patients, and early detection are important because FDC is amenable to medical therapy (4, 6). The diagnosis of IDC is based on the presence of reduced LV global function by fractional shortening or ejection fraction, ventricular enlargement, and clinical exclusion of other etiology.
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idiopathic dilated cardiomyopathy; partition coefficient; myocardial blood flow IDIOPATHIC DILATED CARDIOMYOPATHY (IDC) is characterized by left ventricular enlargement (LVE) and impaired contractility of unknown cause. In many cases, the disease is inherited and termed familial dilated cardiomyopathy (FDC; Ref. 4) and accounts for approximately 20 to 50% of IDC cases (2) , with an autosomal dominant mode of inheritance predominating (4) . Screening, in particular in first degree relatives of FDC-positive patients, and early detection are important because FDC is amenable to medical therapy (4, 6) . The diagnosis of IDC is based on the presence of reduced LV global function by fractional shortening or ejection fraction, ventricular enlargement, and clinical exclusion of other etiology.
Pathological features of IDC include increased levels of interstitial and perivascular fibrosis (7) and decreased capillary density (17) . The histological evidence from imaging and postmortem studies suggests that fibrosis in nonischemic cardiomyopathies affects the myocardium in a diffuse pattern (21, 29, 38) . Currently, myocardial biopsy is primarily recommended to identify patients with new onset disease resulting from myocarditis or other rare conditions and is seldom indicated for those with an established diagnosis of IDC (5) . Also, an endomyocardial biopsy is an invasive procedure and only yields information at the selected biopsy sites. For the development of novel therapies that could benefit IDC patients, it will be important to develop imaging-based markers to monitor structural remodeling in the myocardium. For example, treatment with an angiogenic factor in a hamster model of inherited dilated cardiomyopathy showed by histological analysis that an increase of capillary density was accompanied by a decrease of myocardial fibrosis compared with placebo-treated controls (23) .
Cardiac magnetic resonance (CMR) imaging of myocardial contrast enhancement after intravenous administration of a gadolinium-based contrast agent has been useful for the detection of myocardial infarction (18) and fibrosis (33, 41) . We hypothesized that patients diagnosed with IDC/FDC would demonstrate increased interstitial accumulation of gadolinium contrast at steady state due to structural alterations of the extracellular matrix compared with those without myocardial disease. As interstitial and perivascular fibrosis may be associated with a decrease of capillary density, we also hypothesized that expansion of the extracellular space would be associated with a reduction of baseline myocardial blood flow (MBF). To test these hypotheses, we measured MBF during the first pass of an injected gadolinium contrast bolus. Once the contrast attained an equilibrium distribution between blood and tissue, we measured the blood-tissue partition coefficient to determine the distribution volume for the extracellular contrast agent (9, 20) .
METHODS
The study population comprised 18 participants (9 males and 9 females) that were recruited through the Oregon Health and Science University (OHSU) FDC research project (24) and the general pop-ulation. FDC was diagnosed according to established criteria as previously published (6, 12, 32) and without the use of magnetic resonance imaging (MRI) findings. IDC was defined as LVE with systolic dysfunction (ejection fraction Ͻ0.50), with other causes of ventricular dilation excluded. The sample included 9 participants who had been diagnosed with IDC. Three of the nine patients were members of a family affected by FDC based on the previous diagnosis of IDC during clinical evaluation and their family history. Three further patients from a different family diagnosed with FDC were siblings. The remaining patients represented sporadic cases of IDC. Study participants classified as unaffected (n ϭ 9) had no evidence of any cardiovascular abnormalities and had ventricular volume and function parameters within the normal ranges. They were recruited as volunteers from the general population (n ϭ 6) or were unaffected relatives of FDC patients (n ϭ 3) without the pathogenetic mutation found in their relatives and with normal LV function and no signs of LV dilatation. The study protocol was approved by the Human Subjects Protection Committee of OHSU. All study participants gave written, informed consent for study participation.
MRI protocol. MRI was performed with a 3 Tesla Scanner (Intera 3T, Philips Medical Systems) using a dedicated phased-array cardiac coil. A respiratory bellows was placed on the patient's abdomen. Cine MRI images were obtained in the short axis view for 10 -12 slices from base to apex to assess LV volumes and function. An ECG-gated gradient echo sequence with steady-state free precession was used for cine MRI to acquire images for 20 phases of the cardiac cycle during breath holding [repetition time per phase encoding (TR)/echo time (TE)/flip angle ϭ 3.9/2.0 ms/45°; slice thickness ϭ 6 mm; 192 ϫ 170 matrix; field of view (FOV) ϭ 380 ϫ 320-to 380-mm; sensitivity encoding factor of 2]. T1 measurements were performed with a Look-Locker technique (27) , which was based on a gradient-echo cine sequence with a temporal resolution of 40 ms, using a nonslice selective inversion pulse applied after the detection of an R-wave, followed by a segmented gradient-echo acquisition for 15-30 phases of the inversion recovery (IR) (TR/TE/flip angle ϭ 3.4/1.7 ms/12°; slice thickness ϭ 8 mm; 176 ϫ 140 matrix; 40 ms per segment; FOV ϭ 380 ϫ 320-to 380-mm; SENSE factor of 2). ECG and respiratory gating were used for the Look-Locker acquisitions with a respiratory gating delay of 2 s or larger. T1 measurements were made in one slice at the midventricular level before contrast administration, and for two or more time points after contrast administration with measurements spaced at least 5-10 min apart and starting no earlier than 4 -5 min after a bolus injection of contrast.
Myocardial perfusion imaging with the patient at rest was performed during the first contrast administration with a low-dosage bolus of gadolinium (0.03 mmol/kg body wt) injected intravenously in the antecubital fossa at a rate of 2 ml/s. Perfusion images were acquired for three slice levels during each heart beat with a single-shot gradient echo pulse sequence with nonslice selective saturationrecovery magnetization preparation (TR/TE/flip angle: 2.4/0.98 ms/ 20°; 160 ϫ 140 matrix; FOV ϳ380 mm and 80% rectangular FOV factor). The first postcontrast T1 measurements were made about 4 -5 min after imaging the first pass of the contrast bolus based on model-based estimates of the time it would take to reach contrast equilibrium between blood and tissue after a contrast bolus injection. This was followed by injection of the remaining balance of contrast for a total of 0.1 mmol/kg body wt in each participant. Further one-to-four T1 measurements were made after this last contrast injection, depending on the remaining time available.
Image analysis. Images of LV cines, T1 measurements, and resting perfusion were analyzed with the MASS CMR software (Laboratory for Clinical and Experimental Image Processing, Leiden University, The Netherlands). Global function parameters were determined by segmenting all cine images along the endo-and epicardial border and summing of the cavity and myocardial volumes in each slice. Endsystole and end-diastole were identified by the minimum and maximum on the volume vs. cardiac phase curve. Images for T1 measurements and perfusion measurements were manually segmented along the endo-and epicardial borders. The gray-scale windowing was adjusted for each cardiac phase to achieve optimal conspicuity of the LV borders. The anterior LV-RV junction was used as landmark, and eight myocardial sectors were defined for each cardiac phase such that they had equal circumferential extent on a center-line between endoand epicardial borders, with the first sector starting at said landmark.
For the T1 measurements, the mean signal intensity (SI) in each sector was plotted against the delay after the inversion pulse. The SI data points were fit in MATLAB (The MathWorks, Natick, MA) with a nonlinear least-squares algorithm, using the analytical expression for the magnitude of a monoexponential IR, SI ϭ |m0 Ϫ m1 ⅐ exp(Ϫdelay/ T1*)|, where |. . .| represents the magnitude operation and m0, m1, and T1* are adjustable model parameters. Examples of model fits to experimental inversion-recovery data for one myocardial sector and a region in the center of the LV are shown in Fig. 1 . T1 values were derived from the IR fit parameters, using previously validated methods (3, 37) . The gadolinium contrast partition coefficient (Gd) in myocardium was calculated for each patient from the change of relaxation rate (R1 ϭ 1/T1) in myocardium and blood after contrast injection (9) . In this study, multiple T1 measurements were used to calculate the partition coefficient from the slope of the linear regression line for the measured values of R1 ϭ 1/T1 (myocardium) vs. R1 (blood) as shown in Fig. 2C .
For quantification of MBF, SI curves were generated from the mean SI in each myocardial sector and plotted as a function of time. The initial SI, before the appearance of the contrast in the LV, was subtracted from all SI values for a baseline correction of the curves. MBF in milliliters per minute per gram was determined from the initial amplitude of the myocardial impulse response calculated by a customized software to perform a model-independent deconvolution for the SI curves with the arterial input function measured in the LV center. This method was previously validated in animal models using labeled microspheres (14, 15) and has been applied in patient studies (36, 39) . To adjust for differences in cardiac workload, the resting MBF was divided by the participant's (heart-) rate-pressure product (RPP). The MBF normalized by the RPP is referred to here as RPP-normalized MBF.
Model simulations. The myocardial partition coefficient for gadolinium contrast ( Gd) is defined as the ratio of concentration of contrast in tissue (Ct), divided by the contrast concentration in blood (Cb):
where represents the specific density of myocardial tissue (ϳ1.05 ml/g). It is assumed that the concentration of contrast reaches an equilibrium state where the concentration in the extravascular extracellular space (C e) equals the plasma concentration (Cp):
and Hct represents the blood hematocrit. If V e and Vp denote the volume fractions of the extravascular extracellular and the plasma spaces, respectively, one can express the tissue concentration as the weighted average of the concentrations in these spaces, with weight factors corresponding to the respective volume fractions, V p and Ve:
By combining the above equations and assuming an equilibrium state (i.e., C e ϭ Cp), one can derive at the following expression for the partition coefficient (11) , expressed in terms of the volume fractions and the blood hematocrit (Hct):
A crucial aspect of any measurement protocol for determination of the partition coefficient is the time one has to allow after contrast injection to reach equilibrium of contrast agent between blood and tissue. The time to reach this equilibrium state depends on the tissue blood flow, the capillary permeability surface area product (PS), and to a lesser degree the extracellular distribution volume.
Simulations were performed with a spatially distributed two-space model to test the equilibrium assumption for a protocol with repeated bolus injections of contrast agent. A model of the blood-to-tissue exchange of contrast agent was implemented in JSIM, a Java-based using an arterial input function (AIF) composed of an initial log-normal curve joined to an exponential that represents the slow clearance of contrast from blood with a time constant of ϳ25 min. B: the apparent extracellular volume was calculated from the ratio of gadolinium concentrations in tissue and the arterial input. For flows above 0.5 ml ⅐ min Ϫ1 ⅐ g Ϫ1 , the apparent distribution volume agrees within 1% with the extracellular volume for times greater than 3 min from the beginning of the contrast bolus injection. In the patient studies, a time of at least 5 min was allowed to elapse after a contrast injection before acquiring T1 data for determination of the partition coefficient. simulation and modeling environment, available from the National Simulation Resource (http://physiome.org/jsim/). The following assumptions were applied in the definition of the model: 1) steady plasma flow (F p), 2) uniform concentration gradients and diffusion in the radial direction, and 3) capillary length of 0.1 cm/unit volume. The following parameters were varied to determine the dependence of the partition coefficient on the parameters of F p and PS permeability surface area product. Fp and PS do not vary independently, and it was assumed that vasodilation results in capillary recruitment, which increases the permeability-surface area product for gadolinium contrast in proportion to the increase of flow: PS ϭ a ϩ b ⅐ F (26) .
After a contrast bolus injection, renal clearance of the gadoliniumbased contrast agent results in a relatively slow decay of the blood concentration of the contrast agent. The clearance of contrast from the blood stream was measured in this study in six patients, and the mean of the first order blood clearance rates was used in the simulations to account for the decay of the gadolinium concentration in the arterial input. (The 6 patients were selected on the basis of having no less than 4 T1 measurements after the last contrast injection for fitting to an exponential function.) The arterial input function was modeled as combination of a lag-normal curve to which is joined an exponential decay. The lag-normal represents the peak from the initial bolus injection of contrast. The exponential tail of the arterial input continues from the point where the lag-normal has decayed to 60% of its peak value. The true distribution volume for gadolinium contrast corresponded in the simulations to the sum of the model parameters for the plasma and interstitial volumes. The plasma volume fraction for resting conditions was assumed to be 0.045, and the extracellular extravascular volume fraction was set equal to 0.2. The sum of plasma and extravascular extracellular volume fractions was close to the extracellular volume fraction measured previously (35) . An apparent Gd and extracellular volume fraction (Ve ϩ Vp) were calculated from the ratio of the gadolinium concentration in tissue to the gadolinium concentration in the blood pool at each time point in the simulation. They approach the true (i.e., model specified) Gd and extracellular volume fraction, respectively, as the gadolinium concentration in blood and tissue reach equilibrium.
Genetic analysis. Genetic analysis was included in this study for further profiling of the affected and unaffected members of a family included in this study. Genomic DNA was extracted from whole blood according to a standard procedure. Each exon of MYH7 was PCR amplified by standard methods. Purified PCR products (individual exons and approximately 20 -40 nucleotides of 5Ј and 3Ј intronic sequence) were sequenced in both directions using standard methods.
Statistical analysis. Results for IDC/FDC patients and asymptomatic relatives are reported as means Ϯ SD. Correlations between continuous variables are reported as Pearson's product-moment. Univariate and multivariable linear regression analysis was used to study associations between variables, and the coefficient estimates are given as means Ϯ SE. Firth's method of bias-reduced logistic regression by maximum penalized likelihood (BRLR) was used to assess the value of Gd and the extracellular volume fraction for predicting who was affected by IDC (8) . The BRLR method assures finite coefficient estimates and standard errors in situations of complete or quasicomplete separation of groups by the linear predictors (8) . A P value Ͻ0.05 was chosen throughout to indicate statistical significance. All statistical analysis was performed using R [R release 2.6 (2008); ISBN 3-900051-07-0; R: a language and environment for statistical computing; R Development Core Team, R Foundation for Statistical Computing, Vienna, Austria; http://www.r-project.org].
RESULTS
The general characteristics of the study sample are summarized in Table 1 . A mutation (R1500W) in a highly conserved region of MYH7, the gene encoding ␤-myosin heavy chain, was identified in 3 family members included in this cohort who were affected with FDC. This mutation was not identified in the 3 family members classified as unaffected by FDC or in DNA specimens from 256 control subjects (512 chromosomes). A mutation in the same amino acid has been reported previously in a distal skeletal myopathy (31) where the wildtype arginine was substituted by proline rather than the tryptophan identified in the subjects affected with FDC in this family. Figure 2A shows the simulated time course for the gadolinium concentration after the contrast injection. The tail of the arterial input in Fig. 2A was assumed to follow an exponential with the exponential blood clearance time constant for gadolinium contrast set to 26 min, the mean time constant measured in 6 patients (mean exponential time constant ϮSD: 26 Ϯ 5 min.). The apparent extracellular volume fraction represents the true extracellular volume fraction of the model (0.25) in the limit where the gadolinium concentrations in the plasma and interstitial spaces reach equilibrium. Figure 2B illustrates how the apparent extracellular volume fraction estimate approaches this true value of the extracellular volume fraction of 0.25 as time elapses after a contrast injection. For tissue blood flows above 0.5 ml⅐min Ϫ1 ⅐g
Ϫ1
, the calculated extracellular volume fraction deviated from the true extracellular volume fraction by a relative difference of less than 1% at 3 min and longer after the contrast injection. For the lowest value of tissue blood flows in the simulations of 0.1 ml⅐min Ϫ1 ⅐g Ϫ1 , the apparent extracellular volume fraction is first underestimated and then overestimated, indicating that at such low tissue blood flows the concentration cannot reach equilibrium. For the experimental protocol, a minimum delay of 5 min after each contrast injection was chosen, as the blood clearance time constant and MBF range were not known a priori.
Study participants diagnosed with IDC were older than those unaffected (59.1 Ϯ 14.8 vs. 44.0 Ϯ 11.0; P ϭ 0.007) but showed no differences in height, or weight. The end-diastolic volume (EDV) normalized by height was significantly higher in IDC patients compared with healthy controls (Table 1) and outside the published 95% confidence intervals for indexed EDV in normals (28) . The stroke volume was positively associated with EDV (P Ͻ 0.001) in the normal controls as predicted by the Frank-Starling law. In the nine IDC/FDC patients, there was no significant association between stroke volume and EDV (P ϭ 0.63), suggesting of a significant myopathic process leading to systolic dysfunction in IDC patients compared with healthy controls.
The average gadolinium-diethylenetriamine pentaacetic acid (Gd-DTPA) partition coefficient ( Gd ) (Fig. 3A) was significantly higher in patients diagnosed with IDC/FDC than in unaffected participants (0.56 Ϯ 0.15 vs. 0.41 Ϯ 0.06; P ϭ 0.002). In a multivariable regression model for Gd that included clinical diagnosis, age, and sex as predictors, the differences of Gd between IDC patients and unaffected participants was highly significant (IDC diagnosis coefficient ϮSE: ϩ0.19 Ϯ 0.05; P ϭ 0.002) with no significant effect of age (P ϭ 0.21) and sex (P ϭ 0.75). The blood hematocrit in IDC patients averaged 0.44 Ϯ 0.02 (n ϭ 8, not available for 1 patient) and was within the normal range for males and females. For the healthy volunteers, the hematocrit was measured only in three participants and was otherwise assumed to average 0.44 in males and 0.40 in females corresponding to the means in healthy persons. The extracellular volume fraction, calculated from the measured or assumed hematocrit values, was significantly higher in IDC patients than in healthy controls (0.31 Ϯ 0.05 vs. 0.24 Ϯ 0.03; P ϭ 0.002). In a multivariable linear regression model for the extracellular volume fraction with clinical diagnosis, age, and sex as predictors, the difference of extracellular volume fraction between IDC patients and unaffected participants was highly significant (IDC diagnosis coefficient ϮSE: ϩ0.10 Ϯ 0.03; P ϭ 0.002), whereas the effects of age (P ϭ 0.17) and sex (P ϭ 0.61) were not significant. The Gd values correlated with EDV normalized by height (r ϭ 0.60; P Ͻ 0.01) and with the ejection fraction (r ϭ Ϫ0.80; P Ͻ 0.001). The negative association between Gd and ejection fraction (P Ͻ 0.0001), shown in Fig.  4A with a linear regression line and confidence limits for the association, was not significantly modified by including age and sex as additional predictors in the multivariable regression model for Gd (P ϭ 0.674 for variance test).
MBF at rest was significantly lower in IDC patients (0.641 Ϯ 0.131 vs. 0.905 Ϯ 0.224; P ϭ 0.01) compared with the MBF in normal controls. The results for RPP-normalized MBF are shown in Fig. 3B . The effect of clinical diagnosis remained significant (P ϭ 0.038) when age (P ϭ 0.45), sex (P ϭ 0.46), and RPP (P ϭ 0.60) were included with clinical diagnosis as predictors in a multivariable linear regression model for MBF. The RPP-normalized MBF showed a highly significant positive association with the cardiac output, indexed by LV mass (P Ͻ 0.001).
The MBF values correlated significantly with both the partition coefficient (r ϭ Ϫ0.57; P ϭ 0.012) and the extracellular volume fraction (r ϭ Ϫ0.56; P ϭ 0.019). The partition coefficient Gd was negatively associated with RPP-normalized MBF [coefficient: Ϫ0.39 Ϯ 0.13 (ml⅐min Ϫ1 ⅐g Ϫ1 ); P Ͻ 0.01], as shown in Fig. 4B , and this association remained significant (P ϭ 0.03) and was not modified if the univariate regression model was expanded by adding cardiac output, normalized by body-surface area, as additional predictor to the model. Both
Gd and the extracellular volume fraction increased significantly with ventricular dilation. The association between Gd and EDV indexed by height (P Ͻ 0.02) was analyzed with a multivariable linear regression model for Gd , which also included sex as predictor to account for the significant difference of height-indexed EDV between males and females. The strong association between partition coefficient and EDV was significantly modified by patient sex (P ϭ 0.02 for interaction between EDV and sex). As approximately the same increases of partition coefficient are observed in male and female patients with dilated cardiomyopathy, the known sex differences of EDV normalized by height lead to significantly different slopes of the respective regression lines. A similar pattern of association was observed between the extracellular volume fraction and height-indexed EDV, indicating that the elevated partition coefficient in IDC patients primarily reflects structural changes of the extracellular matrix that correlate with the degree of LV dilation independently of sex-related differences in LV size.
The values of Gd for each participant represent averages of Gd over eight myocardial sectors in a midlevel slice. In the group of healthy controls, the relative dispersion of Gd (defined as SD/mean) within each volunteer averaged 15% (range: 7-20%). In the patients diagnosed with IDC, the relative dispersion of Gd averaged 17% (range: 9 -35%). For comparison, the MBF at rest is known to have a relative dispersion, corrected for methodological scatter and temporal variation, of ϳ30% in the whole heart (19) . The relative dispersion of Gd in our study could reflect both an underlying physiological heterogeneity of Gd and measurement error, but the total variation from all sources results in a relative dispersion that is low.
As summarized above, both extracellular volume fraction (or for that matter the partition coefficient) and MBF were Fig. 3 . Left: gadolinium partition coefficient (Gd) in myocardium for healthy controls and patients affected by IDC and diagnosed independent from magnetic resonance imaging findings. Right: in IDC-affected patients, myocardial blood flow (MBF) at rest, normalized by the patients' rate pressure product (RPP; systolic blood pressure ϫ heart rate/10
3 ) was significantly lower than in normal controls. Gd-DTPA, gadolinium-diethylenetriamine pentaacetic acid.
found to be significantly different between the two groups in this study, which raised the question whether the combination of these two physiological parameters would enhance the ability to differentiate between IDC/FDC patients and unaffected study participants. Figure 5 shows a plot of extracellular volume fraction vs. the RPP-normalized MBF, with IDC diagnosis encoded as solid circles. With a logistic regression model for IDC diagnosis and with extracellular volume fraction and RPP-normalized MBF as the only independent predictors in the logistic regression model, one can draw in this plot the line corresponding to a probability of P ϭ 0.5 for an IDC diagnosis. The solid line in Fig. 5 , corresponding to P ϭ 0.5, perfectly separated the two groups.
DISCUSSION
The present study demonstrates that the partition coefficient for gadolinium contrast ( Gd ) is higher among patients diagnosed with FDC or IDC than in their asymptomatic kindred and healthy volunteers. This suggests that Gd measured by CMR may be of use as a novel physiological marker for monitoring structural alterations of the extracellular matrix in FDC/IDC patients. An increase of Gd can result from an expansion of the extracellular space. The extracellular volume fraction estimated from Gd and the blood hematocrit, using Eq. 4, was significantly higher in IDC patients compared with healthy controls. From this we can conclude that in IDC patients an increase of the partition coefficient is primarily due to an expansion of the extracellular space, possibly caused by interstitial fibrosis. Varying degrees of interstitial fibrosis have been documented by endomyocardial biopsy in patients diagnosed with IDC and apparently healthy relatives (29) . de Leeuw et al. (7) reported that distinct patterns of fibrosis were the sole significant histopathological difference between myocardial samples from patients with IDC and from those with heart diseases of known causes. For the IDC/FDC patient cohort in this study, the increase of Gd was generalized and not regionally confined. An increase of Gd in IDC patients correlated negatively with the degree of systolic dysfunction and positively with ventricular dilatation, and both of these latter parameters underpin the diagnostic criteria for IDC, after exclusion of other etiology. For three affected members of one of the two FDC families, the genetic analysis revealed a mutation in MYH7, the gene encoding the ␤-myosin heavy chain protein, one of the more common causes in patients with FDC (13) . These mutations can impair contractile force generation by the sarcomere (16) . Diffuse fibrosis may result from the volume overload of the dysfunctional ventricle, whereas Fig. 5 . The extracellular volume fraction was plotted vs. the RPP-normalized MBF, with IDC diagnosis encoded as solid circles, to determine whether the IDC patients could be separated with these 2 parameters from unaffected participants. A logistic regression model including both extracellular volume fraction and RPP-normalized MBF as independent predictors was used to determine the line corresponding to a probability of P ϭ 0.5 for an IDC diagnosis and drawn as solid line in the graph. It perfectly separated the 2 groups. The dashed lines correspond to probabilities of P ϭ 0.05 and P ϭ 0.95 for IDC diagnosis, respectively. reduced resting blood flow may, in part, reflect the impairment of systolic function and reduced cardiac output.
A further important finding is the observation of lower MBF at rest in IDC patients compared with healthy controls, particularly when put in the context of the expansion of the extracellular volume fraction in IDC patients. We observed a highly significant association between resting (RPP normalized) MBF and Gd , which could result from reduced capillary density (17) . This finding supports the hypothesis that an expansion of the extracellular matrix, possibly due to fibrosis, is accompanied by a decline in both myocardial function and perfusion. A PET study (21) with the tracers H 2 15 O and C 15 O also indicated that the fraction of perfusable tissue was lower in IDC patients compared with healthy controls. In this study, the MBF at rest correlated closely with the measured cardiac output, normalized by LV mass. The latter can be considered a surrogate measure of the coronary flow if the fraction of cardiac output diverted to the coronary ostium is relatively constant. The strong correlation between MBF and cardiac output indexed by LV mass indicates that myocardial perfusion and global function are matched at rest. The hypothesis that MBF may be lower in IDC patients as a result of interstitial fibrosis has remained controversial (22) , but there is at least one study supporting our observation of lower resting MBF (40) . A possible reason for our observation of decreased MBF in IDC/FDC patients, contradicting one previous PET study (22) , is the higher spatial resolution of MRI compared with PET, a distinction that may be particularly relevant for avoiding spillover effects in patients with dilated hearts, and relatively thinner walls, which would increase MBF estimates when the spatial resolution is reduced.
Both the extracellular volume fraction and the MBF are not used currently for the clinical diagnosis of IDC. This study shows that the extracellular volume fraction correlates with physiological parameters that characterize IDC, such as ventricular enlargement and systolic dysfunction. A classification of all study participants as healthy controls or affected by IDC was performed using only the extracellular volume fraction and RPP-adjusted MBF as predictors and resulting in a perfect separation of the groups, in agreement with their previous independent clinical classification, as shown in Fig. 5 . These results seem to warrant further investigations of the question whether the extracellular volume fraction combined with MBF measurements will enhance current capabilities for early detection and diagnosis of IDC.
Imaging by CMR of contrast enhancement with gadolinium is widely applied for the detection of nonviable myocardium (18) . Delayed contrast-enhancement has also been reported in the presence of interstitial fibrosis (33, 34, 41) . The partition coefficient is an excellent quantitative measure to relate an elevated gadolinium distribution volume to a loss of myocardial viability (9, 20, 25, 42) . We did not observe focal late gadolinium enhancement in the IDC/FDC patients, except for one equivocal case compared with 0% (22), 36% (30) , and 65% (1) incidences in previous studies of patients with dilated cardiomyopathy, without evidence of ischemic heart disease. A pattern of reactive, diffuse fibrosis predominates in IDC (7), accompanied by a dramatic increase of collagen concentration (10) . The absence of focal contrast enhancement does not preclude the presence of diffuse and generalized fibrosis. Therefore, the gadolinium partition coefficient was measured in this study to obtain an absolute measure of myocardial Gd-DTPA accumulation without relying on any differential contrast enhancement to detect abnormalities.
In the absence of a slow contrast infusion, it becomes important to ascertain whether the gadolinium concentration reaches a equilibrium between blood and tissue. This was investigated through simulations, which provided an estimate of the minimum blood flow required to reach equilibrium, and taking into account the rate of clearance of gadolinium from blood. Multiple T1 measurements in each person did not provide any evidence of a significant deviation of the R1 (tissue) vs. R1 (blood) relation from a linear relationship. Such a deviation would be expected if an equilibrium state would not be reached, and this condition can be simulated by decreasing the exponential time constant for gadolinium elimination from the arterial input or by reducing the MBF to very low levels. It is in principle possible to use a blood tissue-exchange model as employed here for the simulations to obtain flow-adjusted estimates of the extracellular volume fraction. It would render the analysis more complex, and the simulations showed that there was no benefit in doing so if the data were collected later than 4 min after contrast injection. Reduced ejection fraction and cardiac output are accounted for in the simulation model only through the effects they have on coronary blood flow. Further structural alterations in dilated cardiomyopathy such as changes in capillary density and permeability could also impact on the estimates of the time it takes to reach equilibrium between blood and tissue. Simple estimates of the changes in diffusion distance due to sparser capillaries and expansion of the extracellular space suggest that a 4-min waiting time still leaves sufficient time to attain an equilibrium state. Our estimates of the extracellular volume in normal myocardium (24 Ϯ 3.4%) agree closely with published values (e.g., 23.6 Ϯ 6.3%; Ref. 35) . A recent study in an experimental animal model found that measurements with constant contrast infusion or a contrast bolus injection can give concordant results if a delay greater than 4 min is observed after a bolus injection for measurement of the contrast enhancement (43) .
Limitations. The generalization of the findings from this study is limited by the small sample size, and the patient cohort is dominated by cases of FDC from only two families. The sample of patients with dilated cardiomyopathy may not represent a good cross-section of the delayed enhancement patterns observed in larger studies (1, 22, 30) . Nevertheless, the clinical appearance of the patients with familial clustering was similar to those without. Based on previous measurements of the partition coefficient in nonviable myocardium (42) , one can expect that the partition coefficient is higher in areas with late gadolinium enhancement compared with areas without delayed contrast enhancement. Inclusion of patients with late gadolinium enhancement could have arguably magnified the differences of the partition coefficient between patients and healthy controls.
Quantification of fibrosis is only possible in explanted hearts or through endomyocardial biopsies. In this study, no histological samples by endomyocardial biopsy were obtained. Therefore, there is no direct evidence that the increased gadolinium coefficient in IDC family members is a result of myocardial fibrosis. The normal range of Gd in healthy persons has not been determined at 3 Tesla (T), and, at 1.5 T, the literature indicates significant variability (11) . Nevertheless, our estimates of the extracellular volume fraction are in excellent agreement with previously reported results (35) , and we used multiple T1 measurements to reduce the uncertainty of the Gd estimates. The prognostic significance of Gd measurements with cardiac magnetic resonance imaging is not addressed in this study and will require long-term follow-up of patients and relatives.
Conclusions. The myocardial partition coefficient for gadolinium contrast may in the future be of use as a novel marker for monitoring structural alterations of the extracellular matrix in IDC patients. This new marker could enhance phenotyping of patients with IDC or FDC and their at-risk kindred by noninvasive imaging. The current study has shown that the extracellular volume fraction is closely associated with ventricular dilation and systolic dysfunction, which are currently two pivotal predictors for the clinical diagnosis of IDC. The expansion of the extracellular space, possibly as a result of diffuse fibrosis and/or other forms of remodeling of the extracellular matrix may therefore constitute a key contributor to contractile dysfunction and reduced myocardial perfusion in IDC patients. It can also be foreseen that the measurement of the myocardial partition coefficient for an extracellular contrast agent may be useful for detecting and monitoring the progression of diffuse fibrosis in other cardiac diseases and may potentially reduce the need for myocardial biopsies. A prospective study would need to address the prognostic significance of Gd measurements by CMR in a clinical cohort affected with myocardial fibrosis.
